Poor partitioning of macromolecules into the holes of holey carbon support grids frequently limits structural determination by single particle cryo-electron microscopy (cryo-EM). Here, we present a method to deposit, on gold-coated carbon grids, a self-assembled monolayer whose surface properties can be controlled by chemical modification. We demonstrate the utility of this approach to drive partitioning of ionotropic glutamate receptors into the holes, thereby enabling 3D structural analysis using cryo-EM methods.
T hree-dimensional cryo-electron microscopy (cryo-EM) has experienced dramatic growth over the past decade as evidenced by the rapid rise in high quality macromolecular structures reported 1 . Though in practice, X-ray crystallography usually provides higher resolution protein structural information in the 1.0-4.0 Å range, single particle cryo-EM is now capable of achieving resolutions as high as 3.2 Å , even for protein assemblies smaller in size than 500 kDa 2, 3 .The ability to determine structures at high resolution from native proteins purified to modest concentrations (1-2 mg/mL) provides the opportunity to study important classes of macromolecules including membrane proteins that can often be challenging targets for X-ray crystallography because of difficulties associated with obtaining suitable, well-ordered crystals.
Though cryo-EM software and hardware technologies have developed significantly, the methods used to prepare specimens for cryo-EM have not changed appreciably in the past three decades. Thus, the majority of 3D cryo-EM structures have been determined using methods in which aqueous suspensions of macromolecule are imaged on holey carbon supports, following plunge-freezing in liquid cryogens 4 or methods by which sugar-embedded or aqueous suspensions of macromolecules are imaged on continuous carbon supports, also following plunge-freezing in liquid cryogens 5 . With the availability of direct electron detectors and next-generation microscopes having more stable optics with constant power lenses, three-condenser optics and aberration correctors, specimen quality is now widely perceived as one of the major limitations for achieving higher resolution in structures determined by cryo-EM. A variety of materials and methods have been tested with cryo-EM supports in recent years including ultrathin carbon and graphene [6] [7] [8] , silicon carbide 9 , amorphous titanium-silicon glass 10 , and inkjet deposition 11 , but these more exotic approaches have not found widespread adoption because they can require specialized and costly equipment. Moreover, continuous layer supports such as graphene can cause the target molecule to adopt preferred orientations, which may complicate or impede structure determination 12 . Another powerful approach is to use affinity methods to capture target macromolecules using immobilized antibodies or similar binding strategies, but this also is limited to having a continuous substrate such as a layer of carbon film present in the background 13 . Despite all of these alternatives, commercially produced amorphous holey carbon grids remain the preferred cryo-EM support material, because they are relatively inexpensive and easy to use.
The principal goal in specimen preparation with holey carbon film is to achieve a uniform layer of vitrified material where the protein is partitioned in random orientations in the holes. However, this can be difficult to achieve, even after altering hydrophilicity by the commonly used technique of glow discharge 14 . In such cases it can still be possible to obtain high-resolution structural information by using a continuous carbon film rather than holey carbon, provided the molecules do not adopt preferential orientations. For large complexes such as ribosomes, this approach works well, but for small protein complexes the contribution from the carbon support makes it difficult to determine a structure using conventional single particle cryo-EM. One way to mitigate the problem is to lower the effect of the background contribution with tomography and sub-volume averaging. We recently used this approach in our lab to study the kainate receptor GluK2, a member of the family of ionotropic glutamate receptors, and obtained 3D structures at ,20 Å resolution 15 .
Results
In order to obtain higher resolution structures of the kainate receptor using single particle analysis, we sought to reduce the adsorption of GluK2 to the carbon support and improve partitioning of the protein into the holes. To this end we introduced a hydrophilic selfassembled monolayer (SAM) to the standard holey carbon support 16 . This was done by sputter coating both sides of the grid with a gold film, and then reacting the gold-coated grid with a linear thiol bearing a PEG group (Fig. 1) . Chemical bonding between the gold surface and the thiol group, results in a surface bearing a layer of PEG groups, which are known to be hydrophilic and passive to biochemical macromolecules 16 . The specificity of the interaction between the thiol and the gold layer makes it more chemically and spatially controlled than the approach of coating the grid with detergent 17 . The design of the chemistry was aimed at shielding the underlying carbon film with PEG groups, while preserving the holey geometry of the film. PEG is expected to be more hydrophilic than either plasma-cleaned amorphous carbon or gold film. Thus, we used surface wettability as a measure of SAM formation 18 . Upon applying a droplet of water, we observed from the drop contact angle that plasma-cleaned grids are more wettable than gold-coated grids that had undergone a mock reaction in pure ethanol, but grids with gold coating that had undergone reaction with thiol-PEG were the most wettable (Fig. 1) . Moreover, the water was seen to equilibrate to both sides of the SAM grid by passing through the grid holes. This observed equilibration was attributed to the lower surface tension of the aqueous medium on the PEG surface, to the point that the water could spread through the holes in the support film. Gold film thickness was measured by ellipsometry to be 6.86 nm 1/2 0.042 nm per side. As such, when gold was deposited on both sides of the grid, the support thickness increased from ,15 nm for carbon alone to ,30 nm total thickness. The impact of the gold coating and the SAM on ice movement was assessed by recording movies of GroEL particles in holes of both unmodified holey carbon and SAM grids. In the present experiments we observed that the SAM grid showed ,40% less beaminduced cumulative motion than that seen with conventional holey carbon supports over the course of a single low-dose exposure to the electron beam (5.45 Å for SAM grids vs. 9.38 Å for standard holey carbon grids, Fig. 2 ). Taken together, these results show that a PEGbased SAM can be introduced to the standard cryo-EM support to increase support hydrophilicity, while preserving support geometry. Although the modification roughly doubles the thickness of the support, this does not change the ability to obtain sufficiently thin films of vitrified ice suitable for imaging by cryo-EM.
We next tested whether the PEG-functionalized SAM grid would mitigate surface adhesion issues which prevented single particle imaging of GluK2 on standard holey carbon, and allow the particles to partition into the support holes. Our earlier analyses with GluK2 on conventional holey carbon supports had shown that in addition to being excluded from the holes, the proteins adsorbed on the carbon with a preferential orientation 15 . Images recorded from GluK2 specimens deposited on SAM-treated grids demonstrate that the modification yields particles in the holes (Fig. 3) . This alteration in protein distribution was verified to hold for GluK2 receptor in closed (unpublished structure) and desensitized states, and the method was further extended to the related GluA2 AMPA receptor, where the use of SAM treatment enabled distribution of the protein into the holes in closed, active and desensitized states 19 . In each case, information on the 3D structure of the receptor could be obtained using single particle cryo-EM approaches, with the desensitized state of GluK2 resolved to 7.6 Å ( Fig. 3 ; EMDB: 2685), and the collection of GluA2 structures to between 10.4 Å and 22.9 Å 19 . Our results show that gold-thiol self-assembled monolayer can be customized to modify the surface chemistry of the standard holey carbon support used in three-dimensional cryo-EM, and that the use of a hydrophilic SAM is a viable way to mitigate protein adhesion that could otherwise impede cryo-EM structure determination, as occurred during our initial analysis of GluK2 15 . The method is simple and accessible to most cryo-EM laboratories, requiring only a sputter coater and a thiol reagent, both of which are commercially available at relatively low costs. Use of the SAM grid was essential to determining high resolution cryo-EM structures of kainate and AMPA receptors in distinct functional states by single particle reconstruction, which had previously not been feasible in our lab because of the strong preference of the protein to adsorb to the carbon surface.
Discussion
In this application we used a thiol displaying a PEG polymer which yields a hydrophilic surface. However, other functional groups can be Movie data was collected with seven frames, though frames are numbered from 1-5. This is because frame 0 is considered to be the alignment reference and thus has no associated shift. The final frame was taken at a higher total dose to aid in CTF estimation and was therefore omitted from motion analysis. displayed, so this approach can be used to achieve diverse surface chemistries (e.g. carboxylic acids for negative charge or amines for positive charge, at physiological pH). We observed that the gold coating appears to reinforce the structural integrity of the holey film, and thereby diminish carbon breaking often observed following specimen blotting and mounting. This strengthening, in combination with the higher conductivity from the gold layer (,1,000-fold higher than amorphous carbon), are likely origins of the reduction in beaminduced motion observed in the present experiments. Self-assembled monolayers thus offer an avenue to customize the surface chemistry of gold and to take advantage of the use of a thin holey metal support for high resolution cryo-EM analyses. This approach may enable structure determination of other macromolecular targets that suffer from high affinity for holey carbon, have a preferred orientation on continuous carbon, or are difficult to purify in large quantities such as many membrane proteins.
Methods
Self-assembled monolayer preparation. Quantifoil (Quantifoil, Jena, Germany) or C-flat (Protochips, Raleigh, NC, USA) holey carbon grids were cleaned for 6 seconds in a Solarus plasma cleaner (Gatan, Pleasantown, CA, USA). After cleaning, grids were gold sputter coated for 15 seconds on both sides using a Cressington 108 instrument (Cressington Scientific Instruments, Watford, UK). A self-assembly reaction mixture was prepared using ethanol as a solvent with 4 mM monothiolalkane(C11)PEG6-OH (11-mercaptoundecyl) hexaethyleneglycol (SPT-0011P6, SensoPath Technologies, Inc., Bozeman, MT, USA). Each gold-coated TEM grid was immersed in 100 uL of reaction mixture contained in a 600 uL snap-top conical tube. All reaction tubes were closed, sealed with Parafilm, and stored in a screw-top plastic jar filled with nitrogen gas. Reactions were allowed to proceed for 24-48 hours.
Cryo-EM specimen preparation. For experiments involving SAM grids, the grids were removed from the reaction mixture, dunked in ethanol to wash away unreacted thiol, and then air dried for 1-3 minutes to allow the ethanol to evaporate. For experiments involving un-modified holey carbon, the grids were plasma cleaned for 6 seconds in a Solarus plasma cleaner (Gatan, Pleasantown, CA, USA). Vitrified specimens were prepared by loading a grid into an FEI Mark IV Vitrobot (FEI Company, Hillsboro, OR, USA) adding 2.5 mL of protein suspension to the grid, and then immediately blotting the grid for 2 seconds before plunge-freezing in liquid ethane (,2180 uC). The Vitrobot environmental chamber was maintained at 22 uC and 100% humidity.
Cryo-electron microscopy and structure determination. Images shown in Figure 3 feature vitrified specimens of desensitized state GluK2, imaged using a Tecnai G2 Polara transmission electron microscope (FEI Company, Hillsboro, OR) operated at 200 kV, and equipped with an energy filter and 2 K 3 2 K post-energy filter CCD (Gatan, Pleasantown, CA). The specimens were maintained at a temperature of ,2180 uC throughout all steps of imaging. Images shown in Figure 3 were acquired at 34,0003 nominal magnification (effective pixel size of 4.1 Å at the specimen plane) at 4 mm underfocus and a dose of ,20 e 2 /Å 2 . Images used for 3D structure determination were acquired on an FEI Titan Krios electron microscope and processed as described in Meyerson et. al. 2014 19 . The presence of gold on the grid did not impair auto-focusing routines used in data acquisition.
Protein preparation. Lyophilized GroEL (Cat # C7688, Sigma-Aldrich, St. Louis, MO, USA) was solubilized in buffer containing 50 mM TRIS pH 7.5, 10 mM KCl and 10 mM MgCl 2 . The solubilized protein was subjected to size-exclusion chromatography on a Superdex 200 10/30 column connected to a Å KTA FPLC (GE, Pittsburgh, PA, USA). The elution volume fractions corresponding to the appropriate molecular weight of GroEL were pooled and concentrated using an Amicon (EMD Millipore, Billerica, MA, USA) concentrator with a 100,000 Da cut-off. The concentrated protein was thereafter added to an equal volume of pre-swelled Cibacron Blue 3G-A agarose (Cat # B1064, Sigma-Aldrich, St. Louis, MO, USA) in batch-mode at 4 uC overnight. Centrifuging the suspension at 20,0003 g and collecting the supernatant recovered the GroEL. Protein concentration was measured as 2.5 mg/mL by monitoring the O.D. 280 absorbance.
Homomeric rat GluK2 and GluA2 were expressed, purified and functionally trapped as described in Meyerson et. al. 2014 19 . Support analysis. Gold film thickness measurements were carried out by gold sputter coating silicon wafers (Silicon Inc., Boise, ID, USA) for 15 seconds, and analyzing them in a M-2000D ellipsometer (J.A. Woollam, Lincoln, NE, USA). Interpretation of the ellipsometric data was done using gold on silicon oxide as a reference. A 15 second coating was measured to have a thickness of 6.86 nm 1/2 0.042 nm.
The impact of the PEG SAM on support motion was assessed by imaging GroEL on Quantifoil R2/2 holey carbon, without and with the presence of PEG SAM having ,30 nm thickness (i.e. 15 second coating on both sides). GroEL grids were imaged as described for GluK2 and GluA2, but with focus values between 23.0 mm and 23.5 mm, a dose rate of 15 e 2 /Å 2 /s, and an exposure time of 4 seconds. For each seven frame movie, the first 6 frames were given ,5 e 
